The influenza virus M2 protein, target of the antiviral drugs amantadine and rimantadine, forms a proton channel which functions during virus uncoating and maturation by modifying the pH in virions as well as in trans-Golgi vesicles. We studied the influence of different ionic gradients on the inhibition of the proton translocation activity of isolated, baculovirus-expressed M2 protein reconstituted into liposomes. Two distinct patterns of inhibition were observed. A group of amphiphilic amines including amantadine, cyclooctylamine and rimantadine inhibited M2 effectively in the presence of physiological Na M concentrations. The 10-fold greater activity of rimantadine over amantadine and the 100-fold stronger effect of cyclooctylamine compared to cyclopentylamine matched the relative activities in influenza virus-infected cells. A com-
Introduction
The M2 protein of influenza virus is the prototype viral ion-channel protein (see reviews by Hay, 1992 ; Lamb et al., 1994) and the target of the antiviral drugs amantadine and rimantadine (Hay et al., 1985) . Both compounds inhibit virus uncoating (Kato & Eggers, 1969 ; Bukrinskaya et al., 1982) . They slow down membrane fusion mediated by the low-pH form of haemagglutinin (Wharton et al., 1990 Bron et al., 1993) , a process believed to be coordinated with proton flux through the M2 ion channel into the virion during virus endocytosis (Hay, 1989 ; Wharton et al., 1990) . Acidification of the virus interior elicits uncoating by disaggregating the virus matrix to release the RNP (Zhirnov et al., 1990) and enables its transport into the nucleus for primary transcription (Martin & Helenius, 1991) . M2 generally equilibrates pH gradients and thus elevates the pH of the acidic trans-Golgi compartment Author for correspondence : Cornelia Schroeder.
Fax j49 30 2802 2180. e-mail schroed!rz.charite.hu-berlin.de pletely different inhibitory pattern emerged for the polyamines spermine, spermidine and putrescine. Polyamines have recently been identified as the ' intrinsic ' rectifiers of a class of potassium channels and shown to interact with acidic amino acid residues lining and flanking the channel pore. In the presence of a physiological Na M /K M gradient their minimal inhibitory concentrations for influenza virus M2 protein were 100, 400 and 500 µM, polyamine levels reported to exist in oocytes. In conditions depleted for Na M , polyamines inhibited M2 at concentrations two to three orders of magnitude lower. The data suggest that influenza virus M2 protein possesses a binding site for polyamines, distinct from the amantadine binding site, which is normally masked by Na M and which could be targeted by selective antiviral inhibitors. (Sugrue et al., 1990 ; Ciampor et al., 1992 a, b ; , protecting coexpressed acid-labile haemagglutinin against premature conformational transition (Sugrue et al., 1990 ; Ohuchi et al., 1994 ; Takeuchi et al., 1994) .
M2-mediated pH modulation has until recently been assayed exclusively at the level of the virus-infected or M2-expressing cell, using fluorescent pH indicators (Ciampor et al., 1992 a, b) or conformation-sensitive anti-HA antibodies (Sugrue et al., 1990 a ; . Intracellular pH changes evoked by M2 expressed in Xenopus oocytes have also been recorded with a pH electrode (Shimbo et al., 1996) .
The M2 protein has an intrinsic ability to translocate protons. We showed that proton translocation into vesicles reconstituted with wild-type M2 protein was rimantadinesensitive while a rimantadine-resistant M2 variant exhibited resistance in this system (Schroeder et al., 1994) . Recent electrophysiological measurements of rimantadine-sensitive proton currents in M2-expressing murine erythroleukaemia cells (Chizhmakov et al., 1996) confirm and extend these observations. Previously reported electrophysiological data had indicated that the M2 ion channel was Na + -selective (Pinto et al., 1992) but Chizhmakov et al. (1996) find that permeability to Na + ions is six orders of magnitude lower than to protons.
We now present a comprehensive inhibitor study of M2 protein reconstituted into liposomes. To model intracellular gradients and specifically to study the role of Na + ions, proton translocation and its inhibition were assayed in different ionic environments. The established antiviral drugs amantadine and rimantadine were compared with rimantadine derivatives and cyclic amines on the one hand and with spermine, spermidine and putrescine on the other. These ubiquitous and abundant polyamines, which serve a number of diverse physiological functions, have recently been shown to gate potassium channels (Fakler et al., 1994 ; Ficker et al., 1994 ; Lopatin et al., 1994) and we demonstrate here that they also inhibit proton translocation by the influenza virus M2 protein.
Methods
Purification of the M2 protein. Expression and purification of the M2 protein sequence identical to that of influenza A\Weybridge\27 from a recombinant baculovirus (CFM2) in Trichoplusia ni cells were essentially as described in Schroeder et al. (1994) except that affinitypurified sheep IgG directed against a peptide comprising the N-terminal 24 amino acids of the protein, coupled to aminolink (Pierce) was employed for immunoaffinity purification of the M2 protein. The peptide and the sheep serum were purchased from Seramun. Protein purification was monitored by silver staining and Western blots (Schroeder et al., 1994) .
Reconstitution of M2 into liposomes. 0n85 mg -α-dimyristoylphosphatidylcholine (DMPC ; Sigma FP0888 and P9513), 0n15 mg -α-phosphatidyl--serine (Sigma FP6641) and 0n2 mol % (with respect to lipids) valinomycin in chloroform-methanol (95 : 5 v\v) were spread in a glass tube under a stream of argon and dried overnight in a desiccator. The lipids were solubilized at 37 mC with 500 µl 40 mM 1-On-octyl β--glucopyranoside (OG) in KPS (10 mM K # HPO % , 50 mM K # SO % , pH 7n4) and 50 µg M2 protein in KPS, 40 mM OG, and the suspension was transferred to dialysis cassettes (Slide-A-Lyzer, Pierce).
M2 proteoliposomes and protein-free control liposomes were formed at 4 mC by successive dialysis (Ruigrok et al., 1986 ) -3i5 h against 3 vols, 3i5 h against 10 vols and finally overnight -against 5 l of KPS in the presence of 20 g Amberlite XAD-2 (Sigma). The liposomes were loaded with the fluorescent pH indicator pyranine (Molecular Probes) by sonication for 3i10 s at room temperature in the presence of 2 mM dye (Dencher et al., 1986) . Excess dye was removed by passing the liposomes through a desalting column (Sephadex G-25M ; Pharmacia) followed by dialysis overnight against 5 l KPS\Amberlite. This treatment was usually sufficient to remove externally bound pyranine. Alternatively, vesicles were loaded with pyranine contained in the first three dialysis buffers. M2 proteoliposomes stored on ice remained active for a week.
Ionic gradients and buffer systems. Proton translocation across liposome membranes can be driven by pH gradients as well as by concentration gradients of K + or Na + (Garcia et al., 1984) . NaPS (10 mM Na # HPO % , 50 mM Na # SO % , pH 7n4) equimolar to KPS, pH 7n4, was used to form a K + \Na + (in\out) gradient. KPS of various pH values was used to produce pH gradients. Internally acidified vesicles were prepared by overnight dialysis of dye-loaded liposomes against 5 l 60 mM N-methyl--glucamine-120 mM HEPES, pH 7n4 (NMDGH). An inverted pH gradient was established by introducing such pre-acidified vesicles into KPS, pH 7n4.
Proton translocation assay. The intraliposomal pH was assayed by dual wavelength recordings as described (Dencher et al., 1986 ; Schroeder et al., 1994) , using a Shimadzu PC5001 fluorimeter. Incubation buffer (500 µl) was equilibrated at 12 mC and readings were taken every 10 s. M2 liposomes (5-20 µl) were introduced into the buffer between two recording time-points so that the first reading after addition of vesicles was taken after 5 s. The initial internal pH of vesicles was determined in the buffer in which they were last dialysed. Recordings in the presence of inhibitors were initiated by adding vesicles to dilutions of the inhibitor in assay buffer. In some experiments p-xylene-bis-pyridinium bromide (DPX ; Molecular Probes) (5 mg\ml) was included in the buffer to quench fluorescence of residual externally bound dye.
The intravesicular pH was calculated from a calibration plot of pyranine emission ratios (excitation at 406 and 460 nm ; emission at 510 nm) in KPS of various pH values. Due to limitations posed by the fluorimeter 5 s was the shortest possible interval for initial readings but as these exhibited fluctuations due to manual mixing to start the reaction the 15 s readings were used. Initial acidification rates were approximated by a difference quotient calculated from the 15 s and the initial readings 
Results

Proton translocation by liposome-reconstituted M2 in response to different ionic gradients
To investigate the response of the M2 ion channel to ionic gradients similar to those encountered in the infected cell and to analyse the contributions of individual cations, different in\out buffer systems were combined (Table 1 ). The M2 protein was reconstituted into vesicles in a buffer containing K + as the only cation (KPS, pH 7n4 ; see Methods), at a proteinto-lipid ratio of one M2 tetramer per 1180 lipid molecules. The fact that the apparent pH within the vesicles was always somewhat below the ambient pH of the dialysis buffer is due to the surface potential of the negatively charged membrane (Fromherz & Masters, 1974) . Control and M2 vesicles exhibited a nearly identical mean internal pH, even though the pH in some parallel preparations of M2 and control vesicles differed (Table 1 ; Fig. 1 a, b) .
A sodium phosphate buffer (NaPS) of the same pH and ionic strength as the internal potassium phosphate buffer imposed a Na + and K + gradient resembling the gradient at the plasma membrane or the endosomal membrane. A K + gradient was created by introducing the vesicles into NMDGH buffer, also of the same ionic strength and pH. NMDGH was chosen 
for its lack (apart from H + and OH − ) of small diffusible anions and cations (Chizhmakov et al., 1996) .
The time-course of internal acidification of M2 vesicles depended on the type of gradient applied (Table 1, Fig. 1 a, b) . When M2 vesicles were exposed to a pH gradient of about 0n2 units in KPS, pH 7n1, a drop of 0n1 pH units within the first 5 s was followed by a slower, nearly linear decline. Na + and K + diffusion gradients (in NaPS and in NMDGH) elicited a more gradual pH decline. In all buffer systems protein-free control Vesicles were prepared in KPS, pH 7n4. Procedures and buffer compositions are described in Methods. Symbols : -, M2 vesicles ; ---, protein-free control vesicles ; =, assayed in KPS, pH 7n1; #, NaPS, pH 7n4; $, NMDGH, pH 7n4. (b) pH in pH out . Vesicles pre-acidified to pH 6n8 were assayed in KPS, pH 7n4. (c) Initial pH change of vesicles in response to pH gradients. ∆pH in represents the average of the internal pH change 5 s and 15 s after introduction of vesicles (prepared in KPS, pH 7n3) into KPS, pH 5n7-8n5. The pH gradient, i.e. the difference between pH out and the initial pH in [pH in (t l 0) of control vesicles) is displayed on the abscissa. [pH in (t l 0) of control and M2 vesicles differed by 0n052. In order to derive the difference plot the data were plotted at identical abscissa points, causing a small systematic error which slightly shifted the intercept but did not influence the slope of the regression line.] Symbols : #, M2 vesicles ; , protein-free control vesicles ; $, M2-specific pH change (∆pH in [M2]k∆pH in [control] ) ; -, regression line (y l 0n1118xj0n0021).
liposomes were significantly less proton-permeable than M2 proteoliposomes (Fig. 1) . However, overnight incubation in NMDGH acidified both M2 and control vesicles to pH 6n8. Their re-introduction into KPS, pH 7n4, created an inverted (in\out) pH gradient of nearly 0n6 units (Fig. 1 b) which elicited a pH jump of about 0n1 units in M2 vesicles, followed by a nearly linear rise. Pre-acidified control vesicles proved almost impermeable to protons, making the inverted pH configuration especially useful for inhibitor studies.
This experiment established that proton flux was inducible in either direction, raising the question whether M2 channels were present in both orientations with respect to the vesicle membrane. We therefore investigated initial pH changes in response to positive and negative pH gradients. Similar to preacidified control vesicles (Fig. 1 b) the control vesicles were far less permeable at pH out pH in (Fig. 1 c) . The difference plot representing the M2-specific initial pH change (∆pH in ) was proportional to the initial pH gradient throughout the tested range of pH out -pH in (0 s) from k1n6 to j1n3. Since the proton channel is practically closed at pH out 8 (Chizhmakov et al., 1996) we conclude that the M2 vesicle preparations contained proton channels in both orientations. The following inhibitor studies were performed under gradient conditions driving proton flux in one direction so that channels in the opposite orientation would not contribute to intravesicular pH change.
Inhibition of proton translocation by amantadine, rimantadine derivatives and cyclic amines
In this inhibitor study all reactions were started by introducing vesicles into buffers j\k inhibitors and thus the system did not pre-equilibrate with the test compounds. This is an important difference to previous inhibitor studies performed on M2-expressing cells either by patch clamping, by immunoassay of low-pH haemagglutinin or, earlier, by virus yield assays. The initial inhibition determined without preincubation (Table 2 ) rarely exceeded 50 %. Preincubation with amantadine and its derivatives was avoided because these amphiphilic compounds partition into the membrane (Duff et al., 1993) and the vesicle lumen and cause a gradual change of internal vesicle pH (Schroeder et al., 1994) . Plots representing results of individual experiments with amantadine in three different ionic gradients are shown in Fig.  2 . Arithmetic means of initial inhibition data calculated for all compounds are given in Table 2 . Inhibition can, in principle, also be expressed as the reduction in internal pH at an arbitrary time-point. Since the time-dependent decay of the gradients could not be independently assessed, initial rate approximations were preferred. Initial rates were not determined for compound concentrations that had significant effects on the internal pH of control vesicles. Independent of the gradient driving proton translocation, rimantadine was at least 10 times more potent than amantadine as an inhibitor of the M2 proton channel. The minimal inhibitory concentrations were 0n1 vs 1 µM in the K + gradient and in the Na + \K + gradient system, reproducing the concentrations effective in cell cultures infected with influenza A\Weybridge\27 (see review by Belshe & Hay, 1989) . In the inverted pH gradient system 0n1 µM rimantadine but only 10 µM amantadine were effective (Table 2) .
In NMDGH unspecific effects of amantadine on control vesicles began at 100 µM while rimantadine concentrations of 10 µM and above caused significant pH changes in control vesicles in all buffer systems. The greater unspecific effects of rimantadine are correlated to its 10-fold higher H # O\octanol partition coefficient in comparison to amantadine (reported in Belshe & Hay, 1989) . These effects were even more pronounced for a series of N-substituted rimantadine derivatives. Inhibition of M2-mediated proton translocation increased in the order propyl (no effect) H [rimantadine] l ethyl l butyl pentyl (data not shown). The inhibition of virus replication in cells infected with the Weybridge strain (Indulen et al., 1979 a, b) as well as with a human H3N2 strain (Heider, 1986 ) obeyed a permuted order propyl butyl pentyl ethyl H, most likely due to the stronger lipophilic properties of the long-chain derivatives which counteract their specific effects on M2. An unspecific transient elevation of control vesicle pH was seen with the pentyl derivative in NMDGH even at 0n1 µM. At 10 µM all derivatives caused an unspecific pH elevation (propyl l butyl ethyl l H pentyl) followed by an acidification of the control liposomes (pentyl H ethyl butyl propyl). The predominance of unspecific effects of the propyl and the pentyl derivative is in agreement with their reported 5 to 10 times greater cytotoxicity compared to the other derivatives (Indulen et al., 1979 a, b) .
Cyclooctylamine was reported to have an effect similar to amantadine (Appleyard & Maber, 1975) . Recordings of proton translocation in the presence of cyclooctylamine closely resembled those with rimantadine at equivalent concentrations in the same buffer system, supporting the view (Hay et al., 1985) that cyclooctylamine targets M2. The sensitivity of influenza virus replication to cyclic primary amines has been shown to correlate with the size of the aliphatic ring. Cyclooctylamine started to inhibit proton translocation significantly at 0n1 µM while cyclopentylamine exerted a nearly equivalent effect only at 10 µM (Table 2 ), in agreement with its virtual lack of antiviral activity in infected cells (Hay & Hay et al., 1985) . In the absence of Na + , 0n1 µM cyclopentylamine had no effect. Unspecific effects began at 10 µM cyclooctylamine and at 100 µM cyclopentylamine.
Zambon
Inhibition of proton translocation by polyamines
In view of the fact that the M2 protein is specifically inhibited by various amines it was of interest to investigate its susceptibility to the naturally occurring polyamines spermine, spermidine and putrescine. Their free intracellular concentrations are usually in the range of 10-100 µM but several-fold higher in oocytes (see Discussion). We tested polyamine concentrations from 0n1-1000 µM on M2 vesicles exposed to an Na + \K + gradient, a K + gradient or an inverted pH gradient. Representative for this group of compounds, recordings for spermidine in the three ionic gradient systems are shown in Fig. 3 . In NaPS the effects of polyamines on proton translocation were negligible below 100 µM, the minimal inhibitory concentration of spermine under these conditions ( Table 2 ). Effects of spermidine (Fig. 3 a) and putrescine became apparent only at 400 and 500 µM, respectively. At the highest polyamine concentrations (1 mM) tolerated by the vesicles in NaPS, spermine caused a 98 % reduction in initial acidification rate whereas spermidine and putrescine inhibited proton translocation to 50 %. In Na + -free buffers the vesicles did not tolerate polyamine concentrations exceeding 100 µM.
The gradient-specific effects of polyamines were different from those of amphipathic amines. In the absence of Na + , polyamines were inhibitory to M2 at concentrations two to three orders of magnitude lower, suggesting that they interacted with sites normally protected by Na + (Fig. 3 b, c ; Table 2 ). Moreover, the absence of Na + modified the doseeffect relationship. In NMDGH 0n1 µM spermine reproducibly inhibited proton translocation to a greater degree than 1 µM even though there were large deviations between individual experiments (Table 2 ). These may be caused by a low level of Na + contamination which is difficult to exclude. While spermidine and putrescine were weaker inhibitors than spermine, putrescine but not spermidine also exhibited a clear inverted dose-effect relationship, having a stronger effect at 1 µM than at 10 µM (Table 2 ).
In the inverse pH gradient configuration spermine again had the strongest effect, inhibiting proton translocation at 1 µM more strongly than at 0n1 µM and 10 µM, whereas spermidine was more inhibitory at 1 µM than at 0n1 or 10 µM (Fig. 3 c, Table 2 ). Thus, all three polyamines exhibited inverted dose-effect relationships in one or both Na + -free gradients tested here.
Discussion
As the target of two licensed antiviral drugs the influenza virus M2 protein is of continuing pharmacological interest. The focus of this study was on the influence of different types of ionic gradient on the inhibitor susceptibility of the M2 channel. We were specifically interested in comparing reactions in the presence and absence of Na + which, until recently, (Schroeder et al., 1994 ; Chizhmakov et al., 1996) had been perceived as the major conducting cation of the M2 ion channel (Pinto et al., 1992) .
The upper limit of the concentration range within which specific inhibitory effects of compounds on the M2 protein could be determined was defined by unspecific effects exerted on protein-free control vesicles. Two different unspecific effects were seen at higher concentrations of all adamantane amine derivatives. First, due to the amphiphilic nature of these weak bases, an increase in liposomal pH. This type of pH elevation is familiar from experiments in cell culture, since amantadine is a lysosomotropic agent (Ohkuma & Poole, 1978) and, incidentally, abrogates the acidification of trans-Golgi vesicles caused by its own specific block of the M2 proton channel at low concentrations (Sugrue et al., 1990) . Second, and delayed with respect to the pH increase, the protonated amines act as protonophores and cause an internal acidification driven by the ionic gradient (Schroeder et al., 1994) . Both these unspecific effects limited the utility of the system for determining the M2-specific effects of higher concentrations of rimantadine and particularly of N-alkylrimantadine derivatives. The fact that unspecific effects were most pronounced under conditions depleted for small cations (in NMDGH) and were attenuated by Na + more than by K + suggests modifications to the system. By incorporating cationic lipids into the liposome membrane and\or bivalent cations into the buffers the permeability of the liposomes to amphiphilic amines may be significantly lowered.
As expected, the M2 proton channel was specifically inhibited by amantadine and rimantadine as well as by cyclooctylamine. Their activity ranking and effective dose ranges reproduced the relations observed in influenza virusinfected cells (Hay et al., 1985 (Hay et al., , 1986 Belshe & Hay, 1989) . As a rationale for the lack of effect of cyclopentylamine compared to cyclooctylamine, Sansom & Kerr (1993) predicted by molecular modelling of the M2 membrane-spanning sequence that the size of the cyclopentyl ring should allow it to pass through the channel, in contrast to the bulkier cyclooctyl and adamantane moieties which exhibit a barrier at I42.
Amantadine resistance is determined by amino acid exchanges within the N-terminal half of the M2 transmembrane region (Hay et al., 1985 ; Hay, 1992) , in agreement with the localization of the amantadine binding site close to S31 by molecular modelling (Sansom & Kerr, 1993) . Similarly, neutron diffraction studies on channels formed by a peptide representing the M2 transmembrane region identified an amantadine-binding site between V27 and S31 (Duff et al., 1994) .
We have demonstrated a conditional sensitivity of the influenza virus M2 protein to inhibition by polyamines. These compounds exhibit a distinct pattern of inhibition compared to the adamantane amine derivatives. High polyamine concentrations as exist in oocytes (600-700 µM spermidine and 100-300 µM spermine ; Osbourne et al., 1989) inhibited M2-mediated proton flux at physiological Na + levels, raising the possibility that electrophysiological recordings of M2 channels in oocytes (Pinto et al., 1992) could be influenced by ambient polyamine concentrations. Lopatin et al. (1994) determined the proportions of putrescine, spermidine and spermine in Xenopus oocytes to be 34 :9:1, roughly the reverse of their ratio of potency in blocking the IRK1 potassium channel and, as shown here, also the M2 proton channel.
Gating by polyamines depends on negatively charged amino acid residues at different locations in the sequence of potassium channel proteins. Lu & MacKinnon (1994) converted the weakly rectifying channel ROMK1 into an intrinsic rectifier by introducing a negative charge at a position (N172D) in the second putative transmembrane segment which, in intrinsic rectifiers like IRK1, is occupied by aspartate. Conversely, mutations abolishing this negative charge in IRK1 also attenuated rectification (Stanfield et al., 1994 ; Wible et al., 1994 ). An aspartate residue, E224, located on the inside of the membrane, was identified as a second polyamine-interacting site, exhibiting cooperativity with D172 (Taglialatela et al., 1995) .
Whatever the biological significance of polyamine effects on the M2 protein, its susceptibility to polyamines indicates the existence of site(s) distinct from the binding site(s) of amantadine which could be specifically targeted by a new type of inhibitor of the M2 proton channel. While differing profoundly from the complex potassium channels, the small M2 Weybridge channel investigated here also has a negative charge at the C-terminal side (D44), and additionally, two negative charges (D21 and D24) at the N-terminal side of the transmembrane domain. In their molecular modelling study of the M2 ion channel, Sansom & Kerr (1993) recognized three interaction energy minima for Na + , one at S31 and one at each mouth of the pore coinciding with these aspartate residues. The susceptibility of M2 to polyamines in the absence of Na + suggests either that these acidic residues are themselves potential binding sites of polyamines or that their occupancy by Na + blocks the access of polyamines to a target site.
On the hypothesis of an identity of the Na + -binding and polyamine-binding site(s), the difference in affinity is estimated to be roughly 1000-fold, based on the comparison of minimal inhibitory spermine concentrations (0n1 vs 100 µM) in the absence and in the presence of 120 mM Na + . The inhibition parameters of polyamines, e.g. being counteracted by Na + and exhibiting a reversed dose-effect relationship in the absence of Na + , differed significantly from those of amantadine and its derivatives. The fact that an inverted dose-effect relationship of polyamines was only observed in the absence of Na + may indicate the existence of high-and low-affinity polyaminebinding sites in the M2 vesicle system. Saturation of the highaffinity sites would occur at lower concentrations and block the channel while binding to the low-affinity sites -at higher concentrations -may restore proton permeability. Whether the high-affinity site is one of the Na + -binding aspartate residues flanking the proton channel requires further investigation. Other acidic amino acid residues or the negatively charged lipid head groups may present low-affinity binding sites for polyamines.
The fluorescent-dye assay of proton translocation in M2 vesicles used here is suitable for screening the channelinhibiting properties of potential antiviral drugs. The system comprises a minimum of defined components necessary to support the channel function of M2. Compared to electrophysiological assays at the cellular level it has the advantage of greater simplicity but the disadvantage of unspecific effects at higher concentrations of amphiphilic test compounds. Modifications to lipid and buffer composition will be examined with the objective of achieving vectorial membrane insertion of the M2 protein and of limiting unspecific drug effects. Stop-flow techniques may resolve the rapid initial rate kinetics observed with pH gradients to derive kinetic constants of M2-mediated proton flux and its inhibition. By introducing optical probes for Na + and K + into the vesicles the disputed ion selectivity of the M2 proton channel (Chizhmakov et al., 1996 ; Pinto et al., 1992 ; Wang et al., 1994) could be investigated.
It has been reported that an M2 construct with an insertion in the transmembrane sequence, like the similarly small IsK potassium channel (Attali et al., 1993) , is capable of modulating cellular ion channels in oocytes (Shimbo et al., 1995) . Such interactions, which might even contribute to rare CNS and cardiac complications of influenza virus infection, could be investigated in mixed proteoliposome systems.
